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Avian pathogenic Escherichia coli (APEC), an extraintestinal pathogenic E. coli (ExPEC), constitutes an
animal health and a potential zoonotic risk. Most studies focus on the response of a single tissue to APEC
infection. Understanding interactions among lymphoid tissues is of importance in controlling APEC
infection. Therefore, we studied bone marrow, bursa, and thymus transcriptomes because of these tis-
sues' crucial roles in development of pre-lymphocytes, B cells, and T cells, respectively. Using lesion
scores of liver, pericardium, and air sacs, infected birds were classiﬁed as either resistant or susceptible.
Little difference in gene expression was detected in resistant birds in bone marrow versus bursa or
thymus, while there were large differences between tissues in susceptible birds. Phagosome, lysosome
and cytokine interactions were strongly enhanced in thymus versus bone marrow in susceptible birds,
and T cell receptor (TCR), cell cycle, and p53 signaling were signiﬁcantly decreased. B cell receptor (BCR)
was also signiﬁcantly suppressed in bursa versus bone marrow in susceptible birds. This research pro-
vides novel insights into the complex developmental changes in gene expression occurring across the
primary lymphoid organs and, therefore, serves as a foundation to understanding the cellular and mo-
lecular basis of host resistance to APEC infection.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Extraintestinal pathogenic Escherichia coli (ExPEC) is a major
cause of human diseases and economic loss in animals (Watt et al.,
2003; Ewers et al., 2004; Rodriguez-Siek et al., 2005). Avian path-
ogenic E. coli (APEC), a subset of ExPEC, can cause both localized and
systemic infection, collectively known as colibacillosis (Dho-
Moulin and Fairbrother, 1999; Nolan et al., 2013). The genomic
structure of APEC is highly similar to that of human ExPEC, offering
strong evidence of signiﬁcant zoonotic risk of APEC (Johnson et al.,
2007, 2008; 2009). Also, animal health and increasing concern
about food security have created an urgent need to understand the
host immune mechanisms in response to systemic APEC infection.
Most studies have focused on gene expression patterns of a
single tissue under different infection conditions by using micro-
array or RNAseq technology (Nie et al., 2012; Sandford et al., 2011,
2012b). Only one study has utilized the transcriptome data of).
Ltd. This is an open access article umultiple tissues (spleen and peripheral blood leukocytes) from the
same individual birds to identify the common response patterns
and connecting pathways (Sandford et al., 2012a). Although single-
tissue gene expression can provide fundamental information about
how a single tissue responds to infection, the interactions among
tissues form a major mechanism used by the host to resist a com-
plex disease. Therefore, integration of data across different tissues
from the same individuals can providemore comprehensive insight
into the functional genomics of the host immune system's response
to disease. Understanding the interactions among different primary
lymphoid tissues in hosts with systemic APEC infectionwill beneﬁt
animal health, food safety, and economically sustainable produc-
tion of animal-derived foods.
Previous studies have reported that lymphocytes were greatly
depleted in both bursa and thymus 1 day post-infection (dpi)
during colibacillosis of white Leghorn chickens (Nakamura et al.,
1986). There is also marked atrophy of bursa and thymus in natu-
ral colibacillosis of broiler chickens (Nakamura et al., 1985), indi-
cating the important role of lymphocytes during APEC infection.
Bone marrow is the reservoir of lymphocyte progenitors (Cormier,
1993; Vainio and Imhof, 1995) that migrate to the bursa andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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chickens that provide the developmental environment for B and T
cells, respectively (Cooper et al., 1966). Consequently, it is impor-
tant to study the interaction between the bone marrow and both
bursa and thymus simultaneously to understand host immune
response under APEC infection. Studying gene expression changes
in bone marrow at 1 dpi versus bursa and thymus at 5 dpi may
allow additional insight into gene expression changes related to
lymphocyte migration.
In the present study, we used the non-challenged birds as the
baseline to detect the differentially expressed (DE) genes between
bone marrow and either bursa or thymus of birds with the same
pathology level, across identical and different times of tissue har-
vest, post-infection. This study can lead to a better understanding of
how a host's primary lymphoid tissues interact with each other to
respond to the systemic APEC infection.
2. Materials and methods
2.1. Experiment and data collection
In brief, commercial male broilers at four weeks of age were
injected with APEC O1 or phosphate buffered saline (PBS) through
intra-air sac injection. Tissues were collected at 1 and 5 dpi. Based
upon the sum of lesion scores of liver, air sac, and pericardium,
birds were categorized as either resistant (mild lesion) or suscep-
tible (severe lesion) phenotypes. A total of six treatment groups
were, therefore, generated: non-challenged birds at 1 and 5 dpi,
challenged-resistant birds at 1 and 5 dpi, and challenged-
susceptible birds at 1 and 5 dpi. More detailed information about
the experiment, RNA isolation, cDNA construction, and sequencing
can be found in previously published studies (Sandford et al., 2011
and 2012b; Sun et al., 2015). Four individual animals were used for
each of the six treatment groups of bone marrow, thymus, and
bursa, except that three animals were used for the non-challenged
bursa samples at 1 and 5 dpi, totaling 24 individually sequenced
libraries for bone marrow and thymus, and 22 for bursa. Tissues
were collected from the same birds under the same experimental
conditions. Previously described RNAseq experiments separately
analyzed the transcriptome of three tissues: bone marrow (Sun
et al., 2015), thymus (unpublished results), and bursa (unpub-
lished results). The GEO accession numbers of RNAseq data of those
three tissues are GSE67302, GSE6901, and GSE70334, respectively.
2.2. Statistical and PCA analysis
Seventy samples with raw sequence reads were used to conduct
quality control, adaptor trim, alignment, and read counts using
FastQC (v0.10.1), Fastx toolkit (v0.0.13), TopHat (v2.0.9), and HTseq
(v0.5.4p3) software, respectively. Then, an output ﬁle (number of
read counts per gene) for each sample was generated. Principal
component analysis (PCA) was performed using Qlucore Omics
Explorer (v3.0) to test sample similarity. The genes with reads >1
from the 70 samples were log2 transformed and subjected to
normalization (mean ¼ 0 and variance ¼ 1). After removing the
tissue-speciﬁc expression factor, the corrected treatment groups
were also used to conduct PCA to further detect whether tissue-
speciﬁc similarity still existed. As bursa had fewer samples than
the other tissues,12 samples in total were generated after replicate-
to-replicate correction. For bone marrow and thymus, we obtained
16 samples in total after correction.
2.3. DE genes and biological analysis
Because this study was a split-plot experiment, SAS (v9.4) wasused to identify the DE genes between bone marrow and either
bursa or thymus in both susceptible and resistant birds at 1 and
5 dpi using the loge (count þ 0.1). The counts of genes that were
greater than 1 in each treatment group in the three tissues were
included to conduct DE gene analysis in bonemarrow against bursa
and thymus across all combinations of time points. Non-challenged
birds were used as a baseline to eliminate the background of tissue-
speciﬁc expression patterns. For example, to investigate the DE
genes between thymus and bone marrow at 5 dpi in susceptible
birds, the statistical formula for DE genes detectionwas (Thymus of
susceptible birds at 5 dpi  Thymus of non-challenged birds at
5 dpi)  (Bone marrow of susceptible birds at 5 dpi Bone marrow
of non-challenged birds at 5 dpi). The p value for each gene was
corrected by the q value (Storey and Tibshirani, 2003) that was
generated in the R package (v3.2.0). Genes were declared to be DE if
the p- and q-value were smaller than 0.05 and fold change >1.5.
Further biological functions and signiﬁcant pathways were con-
ducted using GOseq (v1.10.0) and KEGG. The cutoff was an adjusted
p value (Benjamini and Hochberg, 1995) <0.05 for both the signif-
icant gene ontology (GO) and pathways.
2.4. qPCR validation
Total RNA was extracted from each sample of the three
lymphoid tissues using Ambion MagMAX-96 Kit (AM1839)
(Applied Biosystems, Foster City, CA). Primers (Supplementary
Table 1) were designed to amplify fragments in the qRT-PCR re-
actions using the Primer 3 (Rozen and Skaletsky, 2000) and tested
by NCBI primer-BLAST for speciﬁc ampliﬁcation. Moreover, primers
were designed to span exoneexon boundaries to avoid the DNA
genome ampliﬁcation. Reactions of qPCR were conducted by using
the QuantiTect SYBR Green kit (Qiagen Inc., Valencia, CA) described
in Redmond et al. (2010). All samples were run in triplicate in qPCR
validation. An internal control gene, 28S, was chosen for normali-
zation. The adjusted cycle threshold (Ct) value was used tomeasure
expression level based on the equation: 40  [Ct target gene
mean þ (Ct 28S median  Ct 28S mean) (slope of target gene/slope
of 28S)]. Relative gene expression values were calculated using the
equation: 2(adjusted Ct value of treatment A  adjusted Ct value of treatment B).
All data were analyzed by JMP statistical software (SAS Institute
Inc., Cary, NC). Gene expression fold change and signiﬁcance in
qPCR were compared with RNAseq differential expression for
different contrasts.
3. Results
3.1. PCA results
Seventy samples were used to visualize expression patterns
with PCA in different treatment groups from different tissues
(Fig. 1A). There were no outliers among all the samples. Samples
from different tissues were clearly separate (Fig. 1A), indicating the
tissue-speciﬁc character of the transcriptome. Moreover, for each
tissue, challenged-susceptible birds were distinctly different from
challenged-resistant and non-challenged birds, especially the sus-
ceptible birds at 5 dpi (Fig. 1A), indicating a unique expression
pattern exhibited in susceptible birds at 5 dpi. The resistant birds
and non-challenged birds at 1 dpi and 5 dpi were clustered together
for each tissue, demonstrating very similar expression proﬁles be-
tween the two different phenotypes of birds. After tissue-speciﬁc
expression factor correction, forty-four samples from susceptible
and resistant birds at 1 and 5 dpi were used to perform PCA
(Fig. 1B). No tissue-speciﬁc background existed after correction
(Fig. 1B). Moreover, susceptible birds at 5 dpi were still distin-
guished from resistant birds at 1 and 5 dpi after correction (Fig. 1B).
Fig. 1. Three-dimensional scatter plot PCA. A. The distribution of 70 samples in the six treatment groups in the three tissues. B. The distribution of the corrected 44 samples. BM,
bone marrow; T, thymus; Bu, bursa; D1, 1 day post-infection; D5, 5 days post-infection; NC, non-challenged birds; R, resistant birds; S, susceptible birds.
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Analysis of DE genes was performed between bone marrow and
thymus, as well as between bone marrow and bursa, for both
susceptible and for resistant birds across all combinations of tissue-
harvest times. A total of twelve contrasts were generated based on
times and phenotypes (Table 1). For the resistant birds, there were
fewDE genes in the bursa at 1 dpi vs. bonemarrow at 1 dpi, bursa at
5 dpi vs. bone marrow at 1 dpi, bursa at 5 dpi vs. bone marrow at
5 dpi, thymus at 1 dpi vs. bone marrow at 1 dpi, thymus at 5 dpi vs.
bonemarrow at 1 dpi, and thymus at 5 dpi vs. bonemarrow at 5 dpi
(Table 1). These results indicate that systemic APEC infection did
not induce signiﬁcant differences between the tissues' responses,
after removing tissue-speciﬁc background for resistant birds.
However, large numbers of DE genes were identiﬁed in those same
contrasts in susceptible birds (Table 1) when the tissue speciﬁc
expression background was removed. Very different responses of
tissues to APEC systemic infection were detected in susceptible
birds.
At 1 dpi in susceptible birds, the contrast of bursa vs. bone
marrow had 576 DE genes, of which 40.10% (231/576) had higher
expression in the bursa. Contrasting the bursa at 5 dpi vs. bone
marrow at 1 dpi in APEC-infected susceptible birds, 3902 DE genes
were detected, of which 67.32% (2627/3902) were expressed more
in the bursa. In comparison of bursa at 5 dpi against bone marrow
at 5 dpi, susceptible birds had 4243 DE genes and 62.62% (2657/Table 1
Numbers of signiﬁcantly differentially expressed (DE) genes, contrasting tissues and times
q-value < 0.05, and fold change > 1.5).
Phenotype Tissue contrast Time contrast
Resistant birds Bursa vs. bone marrow 1 dpi vs. 1 dpi
5 dpi vs. 5 dpi
5 dpi vs. 1 dpi
Thymus vs. bone marrow 1 dpi vs. 1 dpi
5 dpi vs. 5 dpi
5 dpi vs. 1 dpi
Susceptible birds Bursa vs. bone marrow 1 dpi vs. 1 dpi
5 dpi vs. 5 dpi
5 dpi vs. 1 dpi
Thymus vs. bone marrow 1 dpi vs. 1 dpi
5 dpi vs. 5 dpi
5 dpi vs. 1 dpi
Note: #, number; [, higher expressed; Y, lower expressed. dpi, day post-infection.4243) genes had higher expression in the bursawith APEC infection
(Table 1). These results indicate that more DE genes exhibited
increased expression in bursa at 5 dpi compared to bone marrow at
either 1 or 5 dpi. Also, the same phenomena were observed in the
APEC-induced response of thymus compared to bone marrow. In
the contrast of thymus vs. bone marrow, susceptible birds had 986
DE genes at 1 dpi with 46.96% (463/986) genes highly expressed in
the thymus (Table 1). When thymus at 5 dpi was contrasted against
bone marrow at 1 dpi in susceptible birds, 2777 DE genes were
identiﬁed, and 66.55% (1848/2777) had higher expression in the
thymus at 5 dpi (Table 1). In 5 dpi susceptible birds, 2951 DE genes
were identiﬁed, and 64.15% (1893/2951) had higher expression in
thymus in the contrast of thymus vs. bone marrow (Table 1).
3.3. GO term analysis
The DE genes in the contrast of bursa vs. bone marrow and of
thymus vs. bone marrow at 1 dpi in susceptible birds were mainly
enriched in protein folding, rRNA processing, cellular protein
metabolic process, and response to stress (Fig. 2). For the contrast of
bursa vs. bone marrow, and of thymus vs. bone marrow, at 5 dpi in
susceptible birds, the signiﬁcant GO terms included DNA damage
response, signaling transduction by p53 class mediator, negative
regulation of apoptotic process, leukocyte migration, and cell cycle
(Fig. 2). In the contrast of bursa at 5 dpi vs. bone marrow at 1 dpi,
and of thymus at 5 dpi vs. bone marrow 1 dpi, the signiﬁcant DEof post-infection tissue harvest in resistance and in susceptible birds (p-value < 0.05,
# Of DE genes # Of [ DE genes # Of Y DE genes
4 2 2
0 0 0
2 1 1
5 2 3
0 0 0
5 1 4
576 231 345
4243 2657 1586
3902 2627 1275
986 463 523
2951 1893 1058
2777 1848 929
Fig. 2. Top ﬁve signiﬁcant biological process GO terms between bone marrow and both bursa and thymus at the same or different day(s). The X axis is log 10 (Benjamini and
Hochberg adjusted p value). The Y axis is the name of GO terms. DE, differentially expressed. dpi, day post-infection.
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process, and DNA damage response, signal transduction by p53
class mediator (Fig. 2).
3.4. Signiﬁcantly changed pathways
Lysosome and cytokineecytokine interaction pathways were
signiﬁcantly induced in thymus at 5 dpi compared to bone marrowFig. 3. Signiﬁcantly changed pathways in different contrasts. The upper bar chart shows
suppressed pathways. The Y axis is the adjusted p value which is processed by the elog 1
expressed genes involved in the induced or suppressed pathways. dpi, day post-infection.at 1 dpi (Fig. 3). However, cell cycle, T cell receptor (TCR) signaling,
and p53 signaling pathways were strongly suppressed in thymus at
5 dpi compared to bone marrow at 5 dpi and 1 dpi (Fig. 3). Also, cell
cycle and B cell receptor (BCR) signaling pathways were highly
suppressed in the contrast of bursa at 5 dpi against bone marrow at
1 dpi and 5 dpi (Fig. 3). Only the phagosome pathway was signiﬁ-
cantly activated in the contrast of thymus vs. bone marrow at 1 dpi
(Fig. 3). These results indicate that lysosome, phagosome, andthe signiﬁcantly induced pathways while the lower bar chart shows the signiﬁcantly
0. The numbers on the bar chart represents the numbers of signiﬁcantly differentially
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early in the response to systemic APEC infection. However, the
lymphocyte growth and proliferation in bursa and thymus were
greatly negatively impacted under systemic APEC infection
compared to bone marrow. The DE genes involved in the above
signiﬁcant pathways are displayed in Supplementary 2 Tables 1e5
3.5. RNAseq data validation by qPCR
Nine signiﬁcant DE genes (q-value < 0.05 and Fold change > 1.5)
were selected to validate the RNAseq data: BLNK, AvBD2, AvBD4,
AvBD6, CD40, BTK, FAS, IL8, and IL7. The qPCR gene expression
proﬁle across this gene set corroborated the proﬁle detected in
RNAseq data in both fold change and signiﬁcance (Table 2). The
correlation coefﬁcient between qPCR and RNAseq was 0.92.
Although themagnitude of the fold change of most candidate genes
was slightly lower in qPCR than RNAseq data, the fold changes of all
genes were greater than 1.5 and signiﬁcant (p-value < 0.05).
4. Discussion
4.1. Advantages of combined analysis of multiple tissues
This is the ﬁrst study to identify DE genes by contrasting the
systemic APEC-induced transcriptome response of bone marrow
with that of bursa and of thymus with the aim to elucidate the
interaction between bone marrow and both bursa and thymus in
APEC-susceptible and resistant birds across two times post-
infection. Compared to single tissue studies, this study of interac-
tion between primary tissues can more comprehensively charac-
terize the key genes and pathways involved in the complex
immune response mechanisms used by the host against systemic
APEC infection. Another unique feature of this study was that all
data were generated from the same individuals and experimental
conditions. This contrasts with other studies such as meta-analyses
of data obtained from different individuals or collected underTable 2
Comparison of quantitative PCR and RNAseq.
Gene Contrast qPCR RNA-seq
BLNK Bursa at 5 dpi vs. Bone marrow at 5 dpi 6.87* 4.33**
BTK Bursa at 5 dpi vs. Bone marrow at 1 dpi 1.67** 1.91**
AvBD2 Bursa at 5 dpi vs. Bone marrow at 1 dpi þ12.46* þ26.35*
Bursa at 5 dpi vs. Bone marrow at 5 dpi þ8.89* þ11.17*
Thymus at 1 dpi vs. Bone marrow at 1 dpi þ22.57** þ25.79*
Thymus at 5 dpi vs. Bone marrow at 1 dpi þ16.24** þ17.99*
AvBD4 Bursa at 5 dpi vs. Bone marrow at 1 dpi þ13.37** þ24.32**
Bursa at 5 dpi vs. Bone marrow at 5 dpi þ8.21* þ13.33**
AvBD6 Thymus at 5 dpi vs. Bone marrow at 1 dpi þ24.48** þ48.43**
Thymus at 5 dpi vs. Bone marrow at 5 dpi þ8.96** þ18.96**
CD40 Bursa at 5 dpi vs. Bone marrow at 5 dpi þ4.42** þ2.57*
Thymus at 5 dpi vs. Bone marrow at 1 dpi þ3.22** þ2.64*
FAS Bursa at 5 dpi vs. Bone marrow at 1 dpi þ5.63* þ4.01**
Thymus at 5 dpi vs. Bone marrow at 1 dpi þ3.46** þ5.41**
Thymus at 1 dpi vs. Bone marrow at 1 dpi þ5.12** þ4.14**
Thymus at 5 dpi vs. Bone marrow at 5 dpi þ3.86* þ2.24*
IL15 Bursa at 5 dpi vs. Bone marrow at 1 dpi þ4.69* þ3.03**
Thymus at 1 dpi vs. Bone marrow at 1 dpi þ2.16* þ2.92*
Thymus at 5 dpi vs. Bone marrow at 1 dpi þ4.14** þ5.54**
Thymus at 5 dpi vs. Bone marrow at 5 dpi þ4.92* þ3.15**
IL7 Bursa at 5 dpi vs. Bone marrow at 1 dpi þ14.88** þ9.70**
Thymus at 5 dpi vs. Bone marrow at 1 dpi þ5.12** þ7.66**
Thymus at 1 dpi vs. Bone marrow at 1 dpi þ2.67** þ2.74*
Note: Fold change between contrasts presented in third and fourth column.þvalues
indicate higher expression in the ﬁrst group,  values indicate higher expression in
the second group. ** means p- and q-value< 0.01 in qPCR and RNA-seq, respectively.
* represents p- and q-value < 0.05 in qPCR and RNA-seq, respectively. dpi, day post-
infection.different experimental conditions (Biswas et al., 2011; Daves et al.,
2011; Genini et al., 2011; Te Pas et al., 2012). The current experi-
mental design of using tissues from the same animals reduces
variation from non-treatment related sources and therefore helps
to reﬁne the clarity of the data analysis.
4.2. Susceptible and resistant birds clearly distinguished by
transcriptome
Compared to previous studies that only focused on infected and
non-infected host (Chiang et al., 2008; Li et al., 2010), this experi-
ment was very unique to separate infection host into different
phenotype. The PCA results demonstrate that susceptible birds,
especially 5 dpi susceptible birds, were clearly different from
resistant and non-challenged birds. Therefore, it is possible to apply
selection for beneﬁcial phenotype birds against systemic APEC
infection in breeding populations in future. Moreover, it is
reasonable to use non-infected birds as a baseline to correct for the
issue of tissue-speciﬁc expression, based upon the PCA results of
Fig. 1B.
Large differences in gene expression (large numbers of DE
genes) were exhibited between bone marrow and bursa or thymus
in susceptible birds, indicating response variability and interaction
between tissues in susceptible birds with systemic APEC infection.
There was not, however a detectable difference between tissues in
resistant birds after removing the tissue-speciﬁc background
(Table 1), demonstrating no clear distinction in APEC-induced
transcriptomic changes among the primary lymphoid tissues
across all combinations of time points in resistant birds. The data
indicate that the immune tissues of susceptible birds had varied
abilities to respond to systemic APEC infection. In general, however,
all three immune tissues in resistant birds had an enhanced ten-
dency to resist the systemic APEC infection, as there is no distin-
guishable difference among them.
4.3. Chicken immune response during APEC infection
The innate immune response was revealed as the major mech-
anism induced in bone marrow against bursa and thymus in
response to systemic APEC infection. In contrast to bone marrow,
the major induced mechanisms in bursa and thymus were lyso-
some, phagosome, and avian b defensins. Many cell types use
phagocytosis to take up bacteria (Aderem and Underhill, 1999) and
many enzymes in the lysosome pathway are associated with
phagocytosis. In this current study, many DE genes were involved in
the phagosome and lysosome pathways (Supplementary 2 Tables 1,
3, 4).
Avian b defensins are the mammalian counterparts of b-defen-
sins, which have broad abilities to inhibit DNA, RNA, and protein
synthesis to ﬁght against bacterial infections (Sugiarto and Yu,
2004; Hasenstein and Lamont, 2007). Because of the lack of
oxidative mechanisms in avian heterophils, avian b defensins pro-
vide a vital function in the innate avian defense system. Menendez
and Finlay (2007) report that avian b defensins represent an
important bridge between the innate and adaptive immune re-
sponses in chickens. There are 14 avian b defensins with antimi-
crobial ability to respond to both Gram-negative and Gram-positive
bacteria (Ganz, 2003; Higgs et al., 2005; Lynn et al., 2007). Xiao
et al. (2004) demonstrated that AvBDs 1e7 were expressed in
bone marrow and bursa, and Ma et al. (2009) reported that AvBD2
was moderately expressed in thymus. The expression of these
genes in lymphoid tissue reinforce their important role in immune
function.
During systemic APEC infection in the current study, several
AvBDs were signiﬁcantly enhanced in bursa and/or thymus, relative
Fig. 4. The differentially expressed genes related to avian b defensins in different
contrasts. The X axis is the gene name and Y axis is the fold change of the genes. dpi,
day post-infection.
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ranged from 7.87 to 48.43, indicating that the defensemechanism is
extensively enhanced in both thymus and bursa.
4.4. BCR signaling pathway in bursa versus bone marrow
The BCR signaling pathway was signiﬁcantly suppressed in
bursa at 5 dpi compared to bone marrow at 1 dpi and 5 dpi, in
susceptible birds with systemic APEC infection. BCR signaling plays
a vital role in immune B cell development and maturation. The BCR
interacts with CD79A and CD 79B to form a heterotrimeric complex
(Reth, 1989; Yao et al., 1995; Johnson et al., 1995). Then the Src-
family kinase phosphorylates the BCR complex, including BLK,
FYN, LCK, and LYN (Burkhardt et al., 1991; Yamanashi et al., 1991;
Clark et al., 1992). The BCR complex then binds to kinase SYK
(e.g., PTPN6), after binding TEC, BLNK, BTK, VAV (Saijo et al., 2003;
Kurosaki et al., 1995; Fu et al., 1998; Joseph et al., 2013; Alsadeq
et al., 2014). Thereafter, three pathways are activated to further
impact gene transcription: PI3K / IKK / IkB / NFKB1/REL
pathway, PLCG1 pathway, and Ras / MEK2 / ERK / FOS/JUN
pathway.
In the current study, many genes encoding transcription factors
or key proteins involved in BCR signaling were much more lowly
expressed in the bursa at 5 dpi contrasted with bone marrow at
1 dpi in susceptible birds. These genes included BTK, PIK3CD,
IKBKB, NFKBIA, MAP2K2, and PRKCB (Supplementary 2 Table 1).
BCR signaling was not impacted in bursa at 1 dpi, but this pathway
was strongly impaired in bursa at 5 dpi compared to bone marrow
at 1 or 5 dpi. The lower expression of B lymphocyte related genes in
bursa at 5 dpi compared with bone marrow at 1 dpi suggests
impairment of precursor B cell migration from bone marrow to
bursa over this critical post-infection time as one of the major
mechanisms determining susceptibility to APEC. Future validation
of this assumption by determining cell population dynamics in
susceptible birds between bursa and bone marrow is warranted.
4.5. TCR signaling pathway in thymus versus bone marrow
The TCR signaling pathway, similar to the BCR signaling
pathway, was also signiﬁcantly suppressed in thymus at 5 dpi
contrasted with bone marrow at 1 and 5 dpi. TCR signaling is an
essential factor for development and maturation of immune T cells.
There are two pathways for T cell receptor signaling, In one, the
TCR/CD3 complex can recruit various proteins, including ZAP70,
LAT2, and VAV1, to further initiate the PLCG1 pathway and thereby
affect gene transcription (e.g., FOS and JUN) (Kane et al., 2000;Wang et al., 2010; Fischer et al., 1998; Smith-Garvin et al., 2009).
The other is the PI3K / IKK / NFkB pathway (Riha and Rudd,
2010; Sigrid et al., 2014).
Most genes controlling transcription or coding crucial proteins
involved in TCR signaling were signiﬁcantly more lowly expressed
in the thymus at 5 dpi than bone marrow at either time in sus-
ceptible birds in the current study; these included FYN, TEC, VAV1,
MAP2K2, MAPK13, MAPK12, MAP3K8, CARD11, JUN, PIK3CD, and
PIK3R5 (Supplementary 2 Tables 4 and 5). These results are
consistent with an impairment of migration from bone marrow to
thymus of immune cell precursors in susceptible birds. Additional
validation of this assumption of cell population dynamics in
thymus against bone marrow in susceptible birds is warranted.
4.6. Cell cycle and p53 signaling pathway
The cell cycle pathway was greatly suppressed in thymus and in
bursa compared to bone marrow at all time contrasts (Fig. 3).
Control of DNA replication and replication checkpoints are impor-
tant to maintain genome stability and prevent various diseases
(Han et al., 2015). During APEC infection, many lowly expressed DE
genes in susceptible birds in the above contrasts were involved in
cell cycle interphase (G1, S, G2), and M phase (Supplementary 2
Tables 1e5). These results suggest that cell division and growth
were signiﬁcantly impaired in thymus and bursa compared to bone
marrow in susceptible birds. Moreover, the p53 signaling pathway
in infected birds was also highly suppressed in thymus at 5 dpi
compared to bone marrow at both times (Supplementary 2
Tables 4, 5). The p53 signaling pathway has an important func-
tion in inhibiting cell proliferation and accelerating DNA repair (Di
Agostino et al., 2006; Samba-Louaka et al., 2008). These results
further indicate that the growth and proliferation of lymphocytes in
the thymus were greatly impaired in susceptible birds with sys-
temic APEC infection.
5. Conclusion
This study utilized tissues from the same individual birds to
investigate and establish gene activity relationships between bone
marrow and both the bursa and thymus to better understand host
immune response mechanisms at the earliest developmental
stages of immune cells. We jointly analyzed RNAseq data from bone
marrow, thymic, and bursal tissue of the same infected and non-
infected birds to determine the relationships among the primary
lymphoid tissues' transcriptomic responses. The challenged-
susceptible birds' unique expression pattern was much different
than that of challenged-resistant birds across the tissues. There
were few differences in gene expression between bonemarrowand
either bursa or thymus in resistant birds. In susceptible birds,
however, extensive immune responses (phagosome, lysosome, and
avian b defensins) were activated in bursa and thymus compared to
bone marrow. Many lymphocyte growth and proliferation path-
ways were impaired in thymus and bursa in comparison to bone
marrow in susceptible birds. The current study offers insights into
defective mechanisms that may be responsible for susceptibility to
systemic APEC infection, including marked down-regulation of TCR
and BCR signaling, as well as cell proliferation and differentiation.
This study sheds light on the complex interactions of primary
lymphoid tissues in birds with systemic APEC infections and,
therefore, serves as a foundation for further understanding of the
cellular and molecular basis of host resistance to APEC.
Author contributions
SL, HS, LN, PL conceived and designed the experiments. HS
H. Sun et al. / Developmental and Comparative Immunology 57 (2016) 99e106 105performed the experiments, analyzed the data, and wrote the
manuscript. RB analyzed the data. LN and SL contributed reagents,
materials, and analysis tools. SL, PL, and LN revised the manuscript.
Conﬂicts of interest
The authors declare that there are no conﬂicts of interest
regarding the publication of this paper.
Acknowledgments
The authors gratefully acknowledge the assistance of members
of the Nolan and Lamont labs in collecting tissues for this study.
This work was supported by The United States Department of
Agriculture National Institute of Food and Agriculture, Hatch Proj-
ect number 5357 and Grant no. 2008-35604-18805 from the USDA
National Institute of Food and Agriculture.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.dci.2015.12.013.
References
Aderem, A., Underhill, D.M., 1999. Mechanisms of phagocytosis in macrophages.
Annu. Rev. Immunol. 17, 593e623.
Alsadeq, A., Hobeika, E., Medgyesi, D., Kl€asener, K., Reth, M., 2014. The role of the
Syk/Shp-1 kinase-phosphatase equilibrium in B cell development and signaling.
J. Immunol. 193, 268e276.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. JRSSB 57, 289e300.
Biswas, S., Manikandan, J., Pushparaj, P.N., 2011. Decoding the differential bio-
markers of rheumatoid arthritis and osteoarthritis: a functional genomics
paradigm to design disease speciﬁc therapeutics. Bioinformation 6, 153e157.
Burkhardt, A.L., Brunswick, M., Boten, J.B., Mond, J.J., 1991. Anti-immunoglobulin
stimulation of B lymphocytes activates src-related protein-tyrosine kinases.
Proc. Natl. Acad. Sci. 88, 7410.
Chiang, H.I., Swaggerty, C.L., Kogut, M.H., Dowd, S.E., Li, X., Pevzner, I.Y., Zhou, H.,
2008. Gene expression proﬁling in chicken heterophils with Salmonella
enteritidis stimulation using chicken 44 K Agilent microarray. BMC Genom. 9,
526e537.
Clark, M.R., Campbell, K.S., Kazlauskas, A., Johnson, S.A., Hertz, M., Potter, T.A.,
Pleiman, C., Cambier, J.C., 1992. The B cell antigen receptor complex: association
of Ig-a and Ig-b with distinct cytoplasmic effectors. Science 258, 123e126.
Cooper, M.D., Raymond, D.A., Peterson, R.D., South, M.A., Good, R.A., 1966. The
functions of the thymus system and the bursa system in the chicken. J. Exp.
Med. 123, 75e102.
Cormier, F., 1993. Avian pluripotent haemopoietic progenitor cells: detection and
enrichment from the para-aortic region of the early embryo. J. Cell Sci. 105,
661e666.
Daves, M.H., Hilsenbeck, S.G., Lau, C.C., Man, T.K., 2011. Meta-analysis of multiple
microarray datasets reveals a common gene signature of metastasis in solid
tumors. BMC Med. Genom. 4, 56.
Dho-Moulin, M., Fairbrother, J.M., 1999. Avian pathogenic Escherichia coli (APEC).
Vet. Res. 30, 299e316.
Di Agostino, S., Strano, S., Emiliozzi, V., Zerbini, V., Zerbini, V., et al., 2006. Gain of
function of mutant p53: the mutant p53/NF-Y protein complex reveals an
aberrant transcriptional mechanism of cell cycle regulation. Cancer Cell 10,
191e202.
Ewers, C., Janssen, T., Kiessling, S., Philipp, H.C., Wieler, L.H., 2004. Molecular
epidemiology of avian pathogenic Escherichia coli (APEC) isolated from col-
isepticemia in poultry. Vet. Microbiol. 104, 91e101.
Fischer, K.D., Kong, Y.Y., Nishina, H., Tedford, K., Marengere, L.E., Kozieradzki, I.,
Sasaki, T., Starr, M., Chan, G., Gardener, S., Nghiem, M.P., Bouchard, D.,
Barbacid, M., Bernstein, A., Penninger, J.M., 1998. Vav is a regulator of cyto-
skeletal reorganization mediated by the T-cell receptor. Curr. Biol. 8, 554e562.
Fu, C., Turck, C.W., Kurosaki, T., Chan, A.C., 1998. BLNK: a central linker protein in B
cell activation. Immunity 9, 93e103.
Ganz, T., 2003. Defensins: antimicrobial peptides of innate immunity. Nat. Rev.
Immunol. 3, 710e720.
Genini, S., Badaoui, B., Sclep, G., Bishop, S.C., Waddington, D., Pinard van der
Laan, M.H., Klopp, C., Cabau, C., Seyfert, H.M., Petzl, W., Jensen, K., Glass, E.J., de
Greeff, A., Smith, H.E., Smits, M.A., Olsaker, I., Boman, G.M., Pisoni, G.,
Castiglioni, B., Cremonesi, P., Del Corvo, M., Foulon, E., Foucras, G., Rupp, R.,
Giuffra, E., 2011. Strengthening insights into host responses to mastitis infection
in ruminants by combining heterogeneous microarray data sources. BMCGenom. 12, 225.
Han, X., Pozo, F.M., Wisotsky, J.N., Wang, B., Jacobberger, J.W., Zhang, Y., 2015.
Phosphorylation of mini-chromosome maintenance 3 (MCM3) by Chk1 nega-
tively regulates DNA replication and checkpoint activation. J. Biol. Chem. 290,
12370e12378.
Hasenstein, J.R., Lamont, S.J., 2007. Chicken gallinacin gene cluster associated with
Salmonella response in advanced intercross line. Avian Dis. 51, 561e567.
Higgs, R., Lynn, D.J., Gaines, S., McMahon, J., Tierney, J., James, T., Lloyd, A.T.,
Mulcahy, G., O'Farrelly, C., 2005. The synthetic form of a novel chicken beta-
defensin identiﬁed in silico is predominantly active against intestinal patho-
gens. Immunogenetics 57, 90e98.
Johnson, S.A., Pleiman, C.M., Pao, L., Schneringer, J., Hippen, K., Cambier, J.C., 1995.
Phosphorylated immunoreceptor signaling motifs (ITAMs) exhibit unique
abilities to bind and activate Lyn and Syk tyrosine kinases. J. Immunol. 155,
4596e4603.
Johnson, T.J., Kariyawasam, S., Wannamuehler, Y., Mangiamele, P., Johnson, S.J.,
Doetkott, C., Skyberg, J.A., Lynne, A.M., Johnson, J.R., Nolan, L.K., 2007. The
genome sequence of avian pathogenic Escherichia coli strain O1:K1:H7 shares
strong similarities with human extraintestinal pathogenic E. coli genomes.
J. Bacteriol. 189, 3228e3236.
Johnson, T.J., Logue, C.M., Wannamuehler, Y., Kariyawasam, S., Doetkott, C.,
DebRoy, C., White, D.G., Nolan, L.K., 2009. Examination of the source and
extended virulence genotypes of Escherichia coli contaminating retail poultry
meat. Foodborne Pathog. Dis. 6, 657e667.
Johnson, T.J., Wannamuehler, Y., Doetkott, C., Johnson, S.J., Rosenberger, S.C.,
Nolan, L.K., 2008. Identiﬁcation of minimal predictors of avian pathogenic
Escherichia coli virulence for use as a rapid diagnostic tool. J. Clin. Microbiol. 46,
3987e3996.
Joseph, R.E., Kleino, I., Wales, T.E., Xie, Q., Fulton, D.B., Engen, J.R., Berg, L.J.,
Andreotti, A.H., 2013. Activation loop dynamics determine the different cata-
lytic efﬁciencies of B cell- and T cell-speciﬁc tec kinases. Sci. Signal 27 ra76.
Kane, L.P., Lin, J., Weiss, A., 2000. Signal transduction by the TCR for antigen. Curr.
Opin. Immunol. 12, 242e249.
Kurosaki, T., Johnson, S.A., Pao, L., Sada, K., Yamamura, H., Cambier, J.C., 1995. Role of
the Syk autophosphorylation site and SH2 domains in B cell antigen receptor
signaling. J. Exp. Med. 182, 1815e1823.
Li, X., Swaggerty, C.L., Kogut, M.H., Chiang, H.I., Wang, Y., Genovese, K.J., He, H.,
Zhou, H., 2010. Gene expression proﬁling of the local response of genetic
chicken lines that differ in their susceptibility to Campylobacter jejuni coloni-
zation. PLoS One 5, e11827.
Lynn, D.J., Higgs, R., Lloyd, A.T., O'Farrelly, C., Herve, V., Nys, Y., Brinkman, F.S.,
Yu, P.L., Soulier, A., Kaiser, P., Zhang, G., Lehrer, R.I., 2007. Avian beta-defensin
nomenclature: a community proposed update. Immunol. Lett. 110, 86e89.
Ma, D., Wang, R., Liao, W., Han, Z., Liu, S., 2009. Identiﬁcation and characterization of
a novel antibacterial peptide, avian beta-defensin 2 from ducks. J. Microbiol. 47,
610e618.
Menendez, A., Finlay, B.B., 2007. Defensins in the immunology of bacterial in-
fections. Curr. Opin. Immunol. 19, 385e391.
Nakamura, K., Imada, Y., Maeda, M., 1986. Lymphocytic depletion of bursa of Fab-
ricius and thymus in chickens inoculated with Escherichia coli. Vet. Pathol. 23,
712e717.
Nakamura, K., Maeda, M., Imada, Y., Imada, T., Sato, K., 1985. Pathology of sponta-
neous colibacillosisin a broiler ﬂock. Vet. Pathol. 22, 592.
Nie, Q., Sandford, E.E., Zhang, X., Nolan, L.K., Lamont, S.J., 2012. Deep sequencing
based transcriptome analysis of chicken spleen in response to avian pathogenic
Eschericha coli (APEC) infection. PLoS One 7, e41645.
Nolan, L.K., Barnes, H.J., Vaillancourt, J.P., Abdul-Aziz, T., Logue, C.M., 2013. Col-
ibacillosis. In: Swayne, D.E., Glisson, J.R., McDougald, L.R., Nolan, L.K.,
Suarez, D.L., Nair, V. (Eds.), Diseases of Poultry. Iowa State Press, Ames, IA, USA,
pp. 751e805.
Redmond, S.B., Tell, R.M., Coble, D., Mueller, C., Palic, D., Andreasen, C.B., Lamont, S.J.,
2010. Differential splenic cytokine responses to dietary immune modulation by
diverse chicken lines. Poult. Sci. 89, 1635e1641.
Reth, M., 1989. Antigen receptor tail clue. Nature 338, 383e384.
Riha, P., Rudd, C.E., 2010. CD28 co-signaling in the adaptive immune response. Self/
Nonself 3, 231e240.
Rodriguez-Siek, K.E., Giddings, C.W., Doetkott, C., Johnson, T.J., Nolan, L.K., 2005.
Characterizing the APEC pathotype. Vet. Res. 36, 241e256.
Rozen, S., Skaletsky, H., 2000. Primer3 on the WWW for general users and for
biology programmers. Methods Mol. Biol. 132, 365e386.
Saijo, K., Schmedt, C., Su, I.H., Karasuyama, H., Lowell, C.A., Reth, M., Adachi, T.,
Patke, A., Santana, A., Tarakhovsky, A., 2003. Essential role of Src-family protein
tyrosine kinases in NF-kappaB activation during B cell development. Nat.
Immunol. 4, 274e279.
Samba-Louaka, A., Nougayrede, J., Watrin, C., Jubelin, G., Oswald, E., et al., 2008.
Bacterial cyclomodulin Cif blocks the host cell cycle by stabilizing the cyclin-
dependent kinase inhibitors p21waf1 and p27kip1. Cell. Microbiol. 10,
2496e2508.
Sandford, E.E., Orr, M., Balfanz, E.N., Bowerman, N., Li, X., Zhou, H., Johnson, T.J.,
Kariyawasam, S., Liu, P., Nolan, L.K., Lamont, S.J., 2011. Spleen transcriptome
response to infection with avian pathogenic Escherichia coli in broiler chickens.
BMC Genom. 12, 469.
Sandford, E.E., Orr, M., Li, X., Zhou, H., Johnson, T., Kariyawasam, S., Liu, P.,
Nolan, L.K., Lamont, S.J., 2012a. Strong concordance between transcriptomic
patterns of spleen and peripheral blood leukocytes in response to avian
H. Sun et al. / Developmental and Comparative Immunology 57 (2016) 99e106106pathogenic Escherichia coli infection. Avian Dis. 56, 732e736.
Sandford, E.E., Orr, M., Shelby, M., Li, X.Y., Zhou, H.J., Johnson, T.J., Kariyawasam, S.,
Liu, P., Nolan, L.K., Lamont, S.J., 2012b. Leukocyte transcriptome from chickens
infected with avian pathogenic Escherichia coli identiﬁes pathways associated
with resistance. Results Immunol. 2, 44e53.
Sigrid, S., Moltu, S.K., Berge, T., Aandahl, E.M., Tasken, K., 2014. T cell co-stimulation
through the CD2 and CD28 co-receptors induces distinct signaling responses.
Biochem. J. 460, 399e410.
Smith-Garvin, J.E., Koretzky, G.A., Jordan, M.S., 2009. T cell activation. Annu. Rev.
Immunol. 27, 591e619.
Storey, J.D., Tibshirani, R., 2003. Statistical signiﬁcance for genome-wide studies.
PNAS 16, 9440e9445.
Sugiarto, H., Yu, P.L., 2004. Avian antimicrobial peptides: the defense role of beta-
defensins. Biochem. Biophys. Res. Commun. 323, 721e727.
Sun, H., Liu, P., Nolan, L.K., Lamont, S.J., 2015. Avian pathogenic Escherichia coli
(APEC) infection alters bone marrow transcriptome in chicken. BMC Genom. 16,
690.
Te Pas, M.F., Hulsegge, I., Schokker, D., Smits, M.A., Fife, M., Zoorob, R., Endale, M.L.,
Rebel, J.M., 2012. Meta-analysis of chicken-Salmonella infection experiments.
BMC Genom. 13, 146.Vainio, O., Imhof, B.A., 1995. The immunology and developmental biology of the
chicken. Immunol. Today 16, 365e370.
Wang, H., Kadlecek, T.A., Au-Yeung, B.B., Goodfellow, H.E., Hsu, L.Y., Freedman, T.S.,
Weiss, A., 2010. ZAP-70: an essential kinase in T-cell signaling. Cold Spring Harb.
Perspect. Biol. 2, a002279.
Watt, S., Lanotte, P., Mereghetti, L., Moulin-Schouleur, M., Picard, B., Quentin, R.,
2003. Escherichia coli strains from pregnant women and neonates: intraspecies
genetic distribution and prevalence of virulence factors. J. Clin. Microbiol. 41,
1929e1935.
Xiao, Y., Hughes, A.L., Ando, J., Matsuda, Y., Cheng, J.F., Skinner-Noble, D., Zhang, G.,
2004. A genome-wide screen identiﬁes a single beta-defensin gene cluster in
the chicken: implications for the origin and evolution of mammalian defensins.
BMC Genom. 5, 56e66.
Yamanashi, Y., Kakiuchi, T., Mizuguchi, J., Yamamoto, T., Toyoshima, K., 1991. Asso-
ciation of B cell antigen receptor with protein tyrosin kinase Lyn. Science 251,
192e194.
Yao, X.R., Flaswinkel, H., Reth, M., Scott, D.W., 1995. Immunoreceptor tyrosine-based
activation motif is required to signal pathways of receptor-mediated growth
arrest and apoptosis in murine B lymphoma cells. J. Immunol. 155, 652e661.
